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Summary

The proposed LAMPF-I1 accelerator has a 60-Hz
booster synchrotron and a 3-Hz main ring. 7o provide
a vacuum enc .osure inside the magnets with low eddy-
current losses and minimal field distortion, yet capa-
ble of carrying rf image currents and providing beam
stabilization, we propose an innovative combination
pipe. Structurally, the enclosure 1s high-purity alu-
mina ceramic, which is strong, radiation resistant,
and has good vacuum properties. Applied to the cham-
ber are thin, spaced, silver conductors usingy adapted
thick-fiIm technology. The conductor design can be
tatlored to the stabilization requirements, for exam-
ple, longitudinal conductors for image currents, cir-
cumferential for transverse stsbilization. The inside
of the chamber has a thin, resistive coating to avoid
charge build-up. The overall 60-Hz power loss s less
than 100 W/m.

Introduction

A major concern in designing rapid-cycling accel-
eratnrs is to provide a vacuum enclosure that has tol-
erable heating losses and magnetic field perturba-
tions. At the same time, it must have rf conductivity
for imane currents. 1he Fermilab booster has no vac-
uum enclosure in the magnet gap, but in the drive to
higher 1ntensitie; as well as higher magnet freguen-
cies, rf conductors around the beam have been recog
nized as contributing to beam stabilization. The lat-
est implementation of this approach at Rutherford's
50-1i¢ accelerator uses a metal frame inside a ceramic
vacuum pipe.2»? The same principle of reducing the
conductor width normal to the magnetic field, and so
the eddy currents, 1s used here. For LAMPF-11 (where
"he booster is a 60-Hz synchrotron), we have proposec
a chamber for smaller gap magnets where a variety of
conductor patterns can be applied to ceramic vacuum
pipes to give the desired rf properties,® using met! -
ods and materials from thick-f{lm techiology. Adap
tations of this construction can be used to provide
vacuum liners for kicker magnets,* or to construct
colls for measuring the magnetic field.

Construction

The basic mechanical structure {; a high quality
ceramic. Alumina of 94-99% purity is a strong
radiation-resistant insulator, with good cuum prop
erties. ODepending on the application, othvr combina
tions of properties might be desired, but for applica
tion to particle accelerator heam pipes within mag
nets, alumina is a good candidate material. Present
mcnufacturing technology can produce pipes over 1 m
long by isostatlc pressing, with dimensional toler
ances of around 2%. Better tolerances can be achieved
by grinding the fired body, but in this application,
that expensive step is nol necessary,

Such ceramic pipes carn be made 'n lengths up to
1.22 m long,* butl because {AMPI 11 magneis are curved,
parts of about half Lhal lJenygth will be Jjoined to fol
low the beam trajectory (see tig. 1), Sealing glasses
with a wide range of melting points can be used to
make nonconducting joints,

*Work supported by the US bept. of tnergy.
tott Wesgo, Belment, California.
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Fig. 1. Inside striped ceramic vacuum chamber,

lhe conductors, and dielectric layers if re-
quired, are applied using inks developed for hybrid
thick-f1Im circults. In that technology, silk-
screening is the standard method for applying the
inks, but the three-dimensional nature of these compo
nents makes spray or brush application more feasible.
Firing at temperatures up to 950°C in air 1s required
to bond the individual layers together. Because of
1imitations on raies of temperature rise and fall
(based on the mass of the substrate), inks mu.t be
selected that will withstand an extended period at
high temperature. Jn general, such inks will not con
tain palladium. This elimination leaves many candl
dates available -pure silver is desirable to keep the
resistive component of the impedance low.

.f the nipe structure is a vacuum enclosure,
there must be some method for attachnent to the exter
nal vacuum system. Many magnet:t impose the restric-
tion that the vacuum chamber be inserted in the bore
from one end; therefore, there is a 1imitation on the
size of one end connector. In addition, the rigidity
of ceramic structures mandates that some flexibility
be built in to the end connector. These requirements
have led to the proposal for a sing.e convolution met
al extension of the chamber, brazed to the end of the
ceramic,

Materials
The currently preferred candidate matertals for

condustor and dielectric layers of the ceramic pipe
are listed below (sre tig. 2):

Iiring
Step Operation Material Conditiony
1 Ist conductive tnglehard A 3059 930°¢ in alr
layer (silver)
? 2 dielectric tnglehard A 2834 #h0°C in air
layers (glass)
3 nd condurtive Inglehard A 3049 HI0°C in uir
layor (sViver)
4 Protective tnglehard A 2d3%  B00°C in alr
dielectric (glass)

Y Inner NY coat Chemical vapor 200"
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Fig. 2. Ceramic vacuum chamber with stripes and
bands. ®&F and 8D refer to the focusing and
defocusing dipoles, respectively.

Step 5 provides a high-resistance coating on the
interior ceramic surface to preclude charge build-up.
Either pure nickel or nickel phosphide can be depos-
ited by chemical vapor deposition (CVD). A wiae vari-
ety of other resistive ccatings can be sprayed on us-
ing organometallics.

Electric«! Properties

The low-frequency eddy-current power loss P in a
unit length conductor of width W and thickness t, per-
pendicular to an alternating magnetic field of average
value B,y and frequency frep, 1s

2 3

f (f + f ) - B

Pel
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where p 1s the resistivity of the conductor; fup and
fdown tre the rise and fall frequencies of the mag-
netic field, 1f these are not the same.

So, usinyg the characteristics of the LAMPF [1
bnoster,® with 25-uym (0.901-in.) thick conductors,
the low-frequency losses with 15 parallel strips
(Fig. 2) are 19.5 W/m for 60 Hz, where the magnetic
fielo varies from 0.24 to 1.12 T, dand the dc resis-
tance per strip is 300 m. The strong dependence
on cnnductor width allows the heating loss to he re
duced to any desired level.

If the coupling at one end of every strip is made
by a '000-pt capacitor (equivalent to a 2.5 cm long
overlay of ronductor around the circumference), the
equivalent circuit is
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and the 75-MHz impedance 1s

Z, - <°+3+—‘ _9) or 143 ma
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The capacitors could be discrete components, as in the
Rutherford Spallation Neutron Source (SNS), but it
would be simpler to incorporate them in the chamber
end. To reduce this impedance (which principally is
due to the end capacitance), a alelectric with a high-
er dielectric constant (up to 650), or a longer over-
lay could be used. In addition, alternate strips
could be connected to opposite ends of the chamber and
coupled by the bands (Fig. 2).

The skin depth of the conductors 1s given by

s <[22
UHO
where o 15 the resistivity of the silver (150 mQ per
square for 25 wm thickness), wugo is the permeability
of free space (4« x 10‘7), and o (for harmonic number
n = 100 x rotational frequency) is 2« x 108. Therefure,
d = 4.1 ym; alternatively, the strip-line cutoff fre-
quency for the 25 ym-thick conductor is 15.4 MHz

Radiation RPesistance

Because the vacuum pipe is the material nearest
the circulating particle beam, the resistarce of com-
ponent materials to radiation damage is of some impor-
tance. The alumina ceramic itself is cuite resistant
to radlation, being used at LAMPF for terget cell mag-
net insulators and seals® and for beariline 1instru-
ments.® It also withstood the heating of a localized
beam spil’--7 w/cmé in an experiment using the 800-MeV
protons at Los Alamos.

The silver conductor suggested above 1s bonded
molecular'y tc the alumina; that is, there is no glass
frit, and we expect 1t to have good resistance to dam-
age. The dielectric f1Im is tne most suspect compo
nent, but we can argue that a lossy dielectric (caused
by radiation-induced conduct!ivity) might ve an advan
tage in suppressing higher order resonances, especial-
ly in two-layer structures as shown 1 Fig. 2.

Development

The construction ctechnique described here has the
notential for great versatility in the rf properties
of the composite structure, and the conductlor pat‘erns
shown represent our early i{deas of how a desirable
chamber might be fabricated. The rf impedances, lon-:
gitudinal and transverse, are of great importance to
the accelerator designer, and we plan to make measure
ments of these properties on prototype chambers (see
Figs. 3 and 4).
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Ixternally applied stiver stripes and bands.
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Fig. 4. In this view, the internal nickel coating
also can be seen.

Most reported measurements of longitudinal impe-
dance are comparative, that is, comparing the struc-
ture of interest to an equal! length of copper or alu-
minum pipe.?+*® Such substitution measurements will be
made on our composite chambers, particularly to deter-
mine {1f extern2l conductors (Fig. 2) are more lossy
than internal conductors (Fig. 1). Clearly, external
conductors are easier to apply, but the rf field has
to pene‘rate the ceramic, which may increase the
losses.?

1t will be important to determine if the presence
of a few hundred angsiroms of a ferromagnetic materia)
(N1) 1n the magnet gap significantly affects the mag-
netic field distribution. Many (ther coating materi-
als and processes are available, such as aluminizing,
sputtering, or the Fermilab indium oxide process,?t®
all more difficult to implement.
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